
Nanomaterials: The New Antimicrobial Magic Bullet
John Ndayishimiye, Tushar Kumeria, Amirali Popat,* James Robert Falconer,*
and Mark A. T. Blaskovich*

Cite This: ACS Infect. Dis. 2022, 8, 693−712 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Bacterial infections are a significant cause of
mortality and morbidity worldwide, despite decades of use of
numerous existing antibiotics and constant efforts by researchers to
discover new antibiotics. The emergence of infections associated
with antibiotic-resistant bacterial strains, has amplified the pressure
to develop additional bactericidal therapies or new unorthodox
approaches that can deal with antimicrobial resistance. Nanoma-
terial-based strategies, particularly those that do not rely on
conventional small-molecule antibiotics, offer promise in part due
to their ability to dodge existing mechanisms used by drug-
resistant bacteria. Therefore, the use of nanomaterial-based
formulations has attracted attention in the field of antibiotic
therapy. In this Review, we highlight novel and emerging
nanomaterial-based formulations along with details about the mechanisms by which nanoparticles can target bacterial infections
and antimicrobial resistance. A detailed discussion about types and the activities of nanoparticles is presented, along with how they
can be used as either delivery systems or as inherent antimicrobials, or a combination of both. Lastly, we highlight some toxicological
concerns for the use of nanoparticles in antibiotic therapies.
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1. INTRODUCTION

Bacterial infections are an increasing menace to human well-
being worldwide, especially in the developing world.1,2 The
emergence of bacterial resistance to conventional antibiotics
has made the matter even worse, becoming a growing crisis in
public health. Resistant infections lead to an increase in
mortality and morbidity, with adverse impact on the clinical
outcome of many types of patients, especially those undergoing
surgery, transplantation, cancer treatment or those in intensive
care units.3 A report by the WHO suggests that global
mortality due to antibiotic-resistant bacteria is already around
700 000 people annually,4 and it is predicted that this number
will climb to 10 million by 2050, with an estimated cumulative
loss of 100 trillion USD to the global economy,5 if efforts are
not made to curtail resistance or develop new antibiotics.
Most antimicrobials have been developed from metabolic

biochemical products that have been used by microbes to fight
each other for millions of years.6 The evolution of these
offensive molecules throughout this continuous warfare has in
turn created defense responses;7,8 through intrinsic resistance
such as reduced outer membrane permeability and/or
increased efflux pumps of antimicrobial agents,9 or through
evolutionary resistance, where the resistance is acquired
through biochemical pathways, which include destruction of
antimicrobial agents or modification of their targets (Figure

1).7,8 For example, genes encoding for resistance to the clinical
antibiotics tetracycline, vancomycin, and penicillin have been
detected in bacteria isolated from 30 000 year old permafrost.6

Therefore, to eradicate these microorganisms, doctors often
use multiple and high doses of antibiotics and/or may need to
rely on so-called “last-resort” antibiotics.10 In addition, other
bacterial survival mechanisms, such as biofilms, provide
barriers to effective therapies. Biofilms may require physical
treatment via debridement (removal of necrotic tissues) as well
as high doses of antibiotics.11,12 These treatments can be
expensive and extended, with uncertain outcomes and possible
long-term adverse effects.
Antibiotic-free strategies or combination therapies where

antibiotics are used in conjunction with other strategies are
emerging approaches that are being investigated in order to
counter this antimicrobial resistance challenge.13 Some “non-
antibiotic” methods such as phage-based therapies and
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vaccines have already been utilized against bacterial infections.
However, these therapies only work selectively on specific
bacterial strains, so they do not cover the spectrum of potential
pathogens.14,15 Furthermore, while vaccines have proven to be
very effective as preventatives, they cannot be used to treat an
acute infection. Other strategies, such as targeting virulence
factors or harnessing the immune system response, have had
limited success to date. Therefore, new and emerging
approaches for antimicrobial chemotherapy are needed to
accomplish better outcomes.
The use of nanomaterials in antimicrobial therapy, as

antimicrobial alternatives or as a complement to existing
antibiotics, is one research area that shows potential and may
provide a window of opportunity to intervene where
conventional antibiotic therapies fail.16 Nanoparticles (NPs)
might be used alone or as delivery systems (Figure 2 and Table
1), and the bacteria may not be able to quickly develop
resistance to NPs since the resistance mechanisms needed are
not already in the bacteria’s natural offensive/defensive arsenal.
However, the rapid evolution of new resistance mechanisms is
still possible due to selection for beneficial mutations during
the rapid exponential growth of bacterial populations. In recent
years, the development of new antimicrobial NPs-based
systems, where the NPs can act as nanocarriers for the
efficient delivery of antimicrobials, possess inherent antimicro-
bial activity on their own, or work using a combination of both
properties, gives new opportunities to confront bacterial
infections and antimicrobial resistance.17 The physicochemical
properties of NPs, such as shape, size, and surface chemistry
and porosity are very unique, and these parameters impact
their therapeutic activity.18 NPs generally vary in size from 10

to 1000 nm (vs 1 μm for bacteria), and the size can be
engineered depending on the targeted bacteria and the
mechanism of action.19−21 Also, NP−bacteria cell interactions
can be further modulated or regulated by functionalizing the
NPs surface.22−24 Therefore, nanotechnology can provide a
novel toolkit to combat not only bacterial infections but also
antimicrobial resistance.
In this Review, the types of NPs that have potential as

antibiotic therapy are described, along with their mechanism of
action. Moreover, we discuss the application of NPs as
antibiotic alternatives, providing insight into how NPs have
been applied in different ways for antibiotic therapy. Lastly, we
highlight the potential toxicity issues associated with NPs, both
as carrier systems and as inherent antimicrobials.

2. TYPES OF NANOPARTICLES

The continuing interest in developing NPs for therapeutic and
diagnostic applications has largely focused on the field of
cancer therapies. However, the challenges associated with
antimicrobial resistance and the recognition that we need some
alternatives to conventional antibiotics have led to increased
studies on the application of NPs as substitutes for, or
complements to, conventional antibiotics. There are a range of
NP-based systems and constructs that have been studied for
antimicrobial therapies.28,29 Figure 3 shows five examples of
NPs prototypes that have been investigated for antimicrobial
applications. Silica-based NPs are made of silica polymers
formed from repeating silicate tetrahedron units. There are
various subclasses of silica NPs, such as nonporous silica NPs,
mesoporous silica NPs, hollow mesoporous silica NPs, and

Figure 1. Antimicrobial resistance mechanisms toward conventional antibiotics. The resistance can happen in different ways: (1) bacteria mutate,
communicate, and share resistance genes with one another, which results in spread of resistance genes across bacteria population; (2) resistant
bacteria can harbor intracellular/extracellular enzymes that limit the binding of, degrade, or deactivate the antibiotics; (3) entry of antimicrobials
into bacterial cells is limited; (4) efflux pumps, which in most cases are upregulated in resistant bacteria, actively transport antimicrobials outside
the bacteria; and (5) the complex nature of the bacteria extracellular polymeric substances restricts the penetration of antimicrobials into bacterial
cells.
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core−shell silica. Further diversity is possible, as their surfaces
can be either modified or unmodified.
2.1. Mesoporous Silica Nanoparticles. Among the

nanomaterials for delivery systems and other pharmaceutical
applications, mesoporous silica NPs have received considerable
attention for their potential to deliver antimicrobial agents, as
they possess desirable properties such as high drug loading
capacity, ease-of-functionalization, and biocompatibility. The

porous NPs enable the adsorption and entrapment of
antimicrobial agents within the pores, and there is considerable
capacity for optimization through tunable pore size and
volume as well as variation in particle size and surface
functionalization.30−33 Mesoporous silica NPs can be synthe-
sized and utilized as inherent antimicrobial NPs and/or as
delivery vehicles for antimicrobial agents. For direct activity,
mesoporous silica NPs-based antimicrobial nanosystems are

Figure 2. Simplified diagram showing the role of NPs when used in the treatment of infections. Electrostatic interactions between anionic groups
on the bacteria outer surfaces and engineered NPs can cause bacterial cell membrane damage and cytoplasmic leakage. Bacteria metabolism can be
disrupted or compromised with NPs binding to different intracellular components (like DNA, ribosomes, and proteins). NPs with catalytic
activities can induce and/or increase reactive oxygen species (ROS) production, causing oxidative stress in the bacteria. Moreover, NPs (for
example, polymeric/liposomes based) can be used as delivery vehicles of antimicrobial agents by readily entering bacteria cell membranes. [Note
that in this figure and in all figures in this Review the sizes of NPs, molecules, and bacteria are not to scale. The detailed mechanisms of action of
NPs against bacteria are discussed in section 3.]

Table 1. Antimicrobial Resistance Mechanisms and How Nanoparticles Can Circumvent Those Mechanismsa

antibiotic resistance What can NPs offer? refs

1. Transfer of resist-
ance gene and mod-
ification of target

Since NPs can have numerous bactericidal mechanisms due to their access to various targets, the emergence of bacterial resistance is less
likely in comparison to conventional antibiotics.

25

2. Deactivating en-
zymes

The various and complex mechanisms of action of NPs and their non-biological nature give them the ability to evade deactivation by
bacterial intracellular and/or extracellular enzymes.

25

3. Reducing antibiotic
uptake

Some Gram-negative bacteria have evolved to limit the entry of antimicrobial agents through porin gene mutations. Some NPs, on the
other hand, penetrate the bacteria cells via non-porin pathways, such as membrane fusion or endocytosis.

25

4. Efflux pumps NPs can prevent efflux pump mechanisms, which increases penetration and accumulation of antimicrobials inside bacteria cells. 26, 27

5. Extracellular poly-
meric substances
limit antibiotic pen-
etration

The unique particle size, morphology, and surface chemistry of NPs permit them to interact with and penetrate the bacteria cells. The
ability to engineer the polarity of NPs can help them exert different interactions with extracellular polymeric substances, including
electrostatic and hydrophobic interactions, which maximizes adsorption on bacteria outer surfaces and diffusion across bacterial cells.

18, 25

aBacteria have developed different survival mechanisms to avoid killing by antibiotics. NPs are new to bacteria and can overcome and circumvent
antimicrobial resistance mechanisms that affect conventional antibiotics.
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designed and tuned to exert their antimicrobial activities by, for
instance, adsorbing metal ions or ultrasmall NPs onto the silica
NPs matrix or by encapsulating metal/metal oxide NPs into
the pores of silica NPs. In this way, the antimicrobial activity of
metal/metal oxide NPs, like metal ion release, oxidative stress,
and other non-oxidative mechanisms, can be imparted on the
mesoporous silica NPs-based composites. Various design
approaches, such as a porous silica shell coating on metal or
metal oxide NPs, can be employed to overcome problems
related to the aggregation of metal or metal oxide-based NPs
that sometimes hamper their performance. For delivery of
antimicrobials, the high surface area and porosity of silica NPs
are essential, and together with the encapsulated antimicrobial
agent, they can provide synergetic effects for the treatment for
infections.30−34 The antimicrobial agents, such as vancomycin,
have been delivered by loading the antimicrobial agents into
the mesopores of silica NPs,35,36 by incorporating the
antimicrobial agent of interest into the mesoporous silica
NPs matrices, and/or by adsorbing/conjugating them onto the
surfaces of mesoporous silica NPs surfaces.37 When using the
mesoporous silica NPs as the carrier systems for antimicrobial
agents, their surface functionalization as well as their shape and
size are important, and those parameters need to be optimized
in order to have the desired release profiles of the drug.38

Therefore, the mesoporous silica NPs characteristics including
high surface area, tunable pore size, and large pore volume,
their easy surface functionalization, as well as the permeation
capacity of mesoporous silica NPs through physio-biological
barriers make them good candidates for the design of effective
carrier systems for antimicrobials.30−33,36

2.2. Liposomes. A very different type of NPs are
liposomes, spherical-shaped vesicles that are comprised of an
aqueous solution core bounded with phospholipid bilayers.
These bilayers separate the continuous aqueous phase on the
outside from the aqueous phase media on the inside. It is
possible to load the liposomes with either hydrophilic and/or
hydrophobic drugs with hydrophobic drugs becoming
encapsulated in the hydrophobic lipid bilayer, while hydro-
philic drugs become sequestered inside the aqueous core.39

Liposomes are among the most used nanosystems in drug
delivery.40,41 The mechanism of liposomal drug delivery is
based on the liposomes interacting with the cell membrane via
a passive or a mediated pathway that allows release of the
loaded drug (antibiotic in this case) into the cellular
membrane of the targeted cellusually mammalian cells for
most liposomal delivery research (e.g., lipid nanoparticles have
played a key role in the successful delivery of mRNA
vaccines),42 but obviously selectivity for bacterial cells is
required for antibiotic delivery. This fusion is driven by the

similarity of the liposome composition with the biological
constituents of the cell membranes.43 Moreover, it is possible
to functionalize the liposomal exterior surface with different
functional groups that add additional properties, such as a
“stealth” ability in the human body where they are modified to
avoid rapid clearance by the reticulo-endothelial systems and
increase their circulation time in the blood.44 The surface
modification and/or coating can convey an additional
advantage of creating a well-ordered hydrated layer around
the particle, inhibiting the formation of undesired plasma
protein coronas. However, the instability and osmotic fragility
of liposomal formulations have always been one of the hurdles
to overcome in their practical use, since the encapsulated drugs
can then escape through the bilayers.45

2.3. Polymeric Nanoparticles. Polymeric NPs are
another type of NP-system that can be used to deliver
antimicrobial agents, which are either adsorbed onto the
surface or encapsulated within the polymeric core. They are
hyper-branched and perforated NPs based on polymeric
skeletons that allow drugs to be entrapped within the crevices
of the polymeric matrices, via either covalent or non-covalent
interaction. Polymeric NPs have been used in the clinic for
drug delivery due to their biodegradability and biocompati-
bility.46−49 They have many unique characteristics, such as
narrow size distribution and structural stability. Properties such
as surface charge, release behaviors of loaded drug, and size can
be tuned and optimized by changing the length and size
(between 10 and 1000 nm) of the polymer, the solvent used in
synthesis, and the surfactant, among many other parameters.
Polymer-based NPs are normally stable in blood, and
elimination can be delayed by modifying their surfaces with
different functional groups.16,28

Polymeric NPs can be categorized based on the routes of
their synthesis, as self-assembled polymer NPs, star polymer
NPs, inorganic polymer hybrid NPs, and other core−shell
polymer NPs.50 Self-assembled polymer NPs are of the most
used nanostructured materials in drug delivery applications.51

Thermodynamically stable molecular and supramolecular
complexes are formed by non-covalent and weak interactions
between the individual chemical building blocks.51 Self-
assembly has been utilized for the synthesis of nanosystems
for different applications, where polymer micelles and polymer
vesicles have been explored for use as novel antimicrobial
agents. Polymer micelles are formed through the self-assembly
of amphiphilic block copolymers,52 whereas polymer vesicles
are spherical polymeric capsules with an inner hollow
compartment confined by a bilayered membrane that is
composed of amphiphilic block copolymers.53 In comparison
with polymer micelles that have an internal lipophilic core and

Figure 3. General types of NPs used for antimicrobial applications.
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a lipophobic outer layer, polymer vesicles have a hydrophilic
cavity inside the polymer shell, with the outside layer in
contact with the medium. This structure enhances the
compartmentalization and increases versatility in functionaliza-
tion for polymer vesicles54 and has structural similarity to
biological cells. Polymer vesicles proven to be useful in the
delivery of antimicrobial agents and, more generally, in drug
delivery.55 Despite their versatility and potential for anti-
microbial applications, the dynamic and reversible behavior of
self-assembled NPs might render these nanosystems suscep-
tible to disassembly.51 In contrast, star polymer NPs are
unimolecular nanostructures formed by covalent bonds with a
branched architecture that links a number of linear chains to a
central inner core, leading to the formation of 3-D globular
structures.56 Star-shaped polymer NPs can be synthesized with
high molecular weight while still maintaining their viscosity
and solubility.57 Other characteristics of star polymers NPs,
such as their loading/encapsulation abilities, and their internal,
peripheral, and compartmentalized functionalities,56 have
made them attractive for pharmaceutical applications. A final
type of polymer NPs expands the application of inorganic NPs
such as metal/metal oxide-based NPs, by coating them with a
polymer to reduce potential particle aggregation, improve their
oxidative stability, and improve the biocompatibility toward
mammalian cells and tissuesenhancing or reducing protein
binding as desired.58

2.4. Dendritic Nanoparticles. A fourth class of NPs used
for drug delivery are dendrimers.59,60 They are highly branched
and normally symmetrical around the coreand have spherical
3-D morphologies that create interior crevices, with several
arms coming from a central core. These NPs have
demonstrated unique structural characteristics including their
globular architectures, multivalency, and high degree of
branching, and this makes them promising systems for delivery
of active molecules of interest.61,62 The hydrophobicity of
dendrimers can be tailored by functionalization of their outer
shells with groups of different polarities and/or with groups of
different charges.61 Antimicrobial agents can successfully be
loaded in dendrimers either by covalent chemical bonding or
through physical interactions in order to ameliorate their
aqueous solubility and bioavailability.63 Dendrimers have also
been used as effective antimicrobial agents on their own.64 For
example, dendrimers with cationic surfaces can interact with
anionic bacterial cell membranes, whereas those possessing
metal cores can release metal ions and/or produce ROS,
resulting in the bacterial cell death.65

Dendritic NPs are usually synthesized by either a convergent
or a divergent approach.66 In the divergent strategy, the growth
of dendrimers begins from a multifunctional core. Then via a
series of reaction and purification stages, the dendrimers grow
radially outward.67 Dendrimers are identified by generations,
and the size of the dendrimer, molecular weight, and the
number of functional groups increase as the generation
increases.67 At a certain stage of the synthesis, steric hindrance
prevents the continuation of the process, and the highest
generation is obtained at that stage.67 In the convergent
strategy, dendrons (as parts of dendrimers) are formed in
similar fashion to the divergent method but these dendrons are
then coupled to a multifunctional core. The benefit of the
convergent strategy is that the chemical properties of each
dendron can be different and unique, and distinct functional
groups with distinct properties can be inserted into the
dendrimers at specific sites. Due to their characteristics,

dendrimers have drawn attention as possible antimicrobial
agents.66 Both specific and non-specific interactions can be
employed to design and synthesize novel antimicrobials. If one
of the functional groups is able to interact with the target, all
the other groups are in such close vicinity that one might hope
for synergies or cooperative interactions. If specific interactions
are used, the dendritic structure might offer another advantage
due to its inherent polyvalent nature. The existence of internal
cavities in the dendrimers can be exploited to design controlled
delivery systems, where drug concentrations in the body can be
modulated as desired.68 Dendrimers also offer unique
opportunities in these applications since the structure of the
dendrimer can be specifically tuned to the requirements of the
delivery system. For example, some drugs are very hydro-
phobic and not very soluble in water. Here the dendritic NPs
interior can be tuned to be hydrophobic so that a lipophilic
drug can be loaded, while still retaining their hydrophilic
exterior for optimum circulation time, dissolution, and
solubility.67,69

2.5. Metal-Based Nanoparticles. Finally, there are solid
core NPs, where metals and metal oxides are used. These NPs
are the most common NPs that have direct antimicrobial
activity. It is generally not possible to load antimicrobial agents
into these metallic-based NPs although their surfaces can be
adorned with antimicrobial agents. Different types of metal-
based NPs, including silver, copper, titanium, zinc, nickel, and
their oxides, have shown antimicrobial activity70 and it has
been demonstrated that their activity depends on their
composition, intrinsic characteristics, surface functionalization,
and the targeted bacteria.71 The methods of synthesis can be
categorized into physical, chemical, and green synthesis.72

Regarding physical methods, the evaporation/condensation
method is the physical method often used to synthesize metal-
based NPs, where NPs are directly synthesized from a metal
source. By modulating the synthesis conditions, the physical
characteristics of the NPs can be controlled through adjust-
ments in the length, diameter, and size of the NPs.72 For
chemical methods, methods like the atomic layer deposition
method, where metal oxide and metallic 3-D nanomaterials are
synthesized using different techniques and templates;73,74 the
chemical reduction method, where a metal ion precursor is
reduced by a reducing agent in the presence of a stabilizer
(protecting agent);75 and the cryo-chemical method, where
metallic and volatile components (for example, an organic
monomer) are simultaneously evaporated, which is followed by
co-condensing the vapors on the cold surfaces of the vacuum
reactor,76 have been used. Although physical and chemical
methods have been predominately used for the synthesis of
metal-based NPs, both methods have been shown some
drawbacks and are not eco-friendly.77,78 The physical methods
are done at high temperatures and pressures and require
expensive equipment, making them expensive and non-
scalable79 On the other hand, the chemical methods both
utilize and can generate toxic chemicals that can be cytotoxic
and carcinogenic.80,81 This has led to substantial interest in
eco-friendly methods for the synthesis of metal-based NPs, also
called “NPs green synthesis” methods. Here besides their eco-
friendly nature, these green approaches can also show higher
performance, reduced energy cost, and improved safety and
scalability.80,82
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3. NANOPARTICLES FOR ANTIMICROBIAL
APPLICATIONS AND THEIR MECHANISM OF
ACTION

The range of sizes, shapes, and other characteristics of NPs
offers a very unique ability to target bacterial infections.83

Different types of NPs possess varying levels of innate
antimicrobial activity, using several antimicrobial mechanisms.
This includes (1) immediate damage of the bacteria cell wall
and/or cell membrane which leads to the disruption of cell
membrane integrity; (2) generation of reactive oxygen species
(ROS); and (3) binding and damage to bacterial intracellular
components, which leads to inhibition of RNA/DNA syn-
thesis, protein synthesis, and/or other bacterial metabolism.
These mechanisms come from the unique physicochemical
properties of NPs, particularly their multivalent interactions
with bacterial cells. Also, van der Waals forces along with
electrostatic, receptor−ligand, and hydrophobic interactions
play a big role in the interfacial interactions between NPs and
bacteria.84 Below, we discuss in detail different mechanisms
that NPs use in killing bacteria.
3.1. Disruption of Bacterial Cell Membrane and Other

Bacterial Processes. The bacteria cell wall and membrane
serve as a protection from external invasion and a physical
barrier to antimicrobial agents. Lipopolysaccharides and
teichoic acids, present in the outer membrane and in the cell
wall of Gram-negative and Gram-positive bacteria, respectively,
possess phosphate groups that make the outer surfaces of
bacteria hydrophobic and negatively charged. This environ-
ment restricts the permeation of many antimicrobial agents
across bacterial cell membranes, which limits their efficacy.84

Moreover, bacterial cell wall surfaces have more negative
charges than those in mammalian cells, which can preferably
favor the electrostatic interactions with NPs that are positively
charged.85 Here NPs can exert their antimicrobial activity
(Figure 4) by binding, interacting, and disrupting the bacterial
cell membrane.86−90 Also, polarity and other surface chemistry
characteristics of the NPs are crucial factors for the selective
binding and disruption of bacterial cell membranes by NPs
without affecting other mammalian cells.91,92 For example,
Huo et al.93 designed and synthesized zwitterionic gold NPs-
based antimicrobials. Three sets of zwitterionic gold NPs with
different core sizes (2, 4, and 6 nm) were synthesized by
reducing chloroauric acid in the presence of zwitterionic
ligands. Zwitterionic headgroups (from acylsulfonamide
groups) were conjugated to gold NPs. These zwitterionic
ligands had different charge orientations; one had positive
charge inside the ligand terminus, whereas the other had
positive charges in the outermost layer. Improved selectivity
and effectiveness was were through modulating the NPs’ size
and orientation of NPs’ surface charges. Increasing the NPs
particle size of NPs (from 2 to 6 nm) augmented their
antimicrobial effectiveness via bacterial cell membrane
disruption. Also, these zwitterionic coated gold NPs exhibited
improved antimicrobial activity with low hemolytic activity.
NPs with cationic surfaces can bind to the surface of bacterial
cells and disrupt the membrane due to their selective targeting
of the negatively charged nature of bacterial surfaces. Similarly,
NPs with hydrophobic surfaces have shown to be effective at
interacting with bacterial cell membranes.94−97 Here, though, a
good polarity/charge balance (i.e., the adjusted balance

Figure 4. Detailed scheme showing how NPs can exert their antimicrobial activity by disrupting bacterial cell membrane integrity and inhibiting
other bacterial mechanisms. NPs can interact and disrupt the bacterial cell membrane, and this can cause the leakage of content of bacteria
protoplasm (such as enzymes, nutrients, etc.), which can lead to bacteria death. NPs can also inhibit the proton efflux pumps, one of the
mechanisms of bacteria resistance, which can cause the bacteria death. Moreover, they can disrupt the bacteria transmembrane electron transport
chain.
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between cationic charge and hydrophobicity) on the surfaces
of NPs should be achieved in order for NPs to give effective
antimicrobial activity with lower hemolysis of red blood cells
and cytotoxicity of mammalian cells.91 Moreover, the
possibility of antimicrobial resistance to these NPs-based
systems is minimal as the bacterial membrane composition
must be fundamentally altered, making these approaches
promising for long-term solutions in the fight against
superbugs.97,98 Apart from interacting and disrupting the
bacterial cell membrane, NPs can also exert their antimicrobial
activity through inhibiting other mechanisms that bacteria use
for resistance and/or for metabolic activities (Figure 4). These
involve for instance the inhibition of bacterial proton efflux
pumps (which compromises the ability of the bacteria to expel
substances),99−101 and inhibition of bacterial electron transport
chains (which results in the bacteria inability to continuously
create and maintain an electrochemical gradient over a
membrane).102−104

3.2. Generation of ROS. ROS are highly reactive chemical
byproducts resulting from oxidative metabolic activities in the
cell that affect many cell processes such as cell signaling and
cell differentiation, subsequently affecting bacterial cell
survival.105 ROS accumulation in bacterial cells results in
lethal oxidative stress. ROS can disturb, damage, or destroy the
bacterial cell through various mechanisms, specifically via
reaction of ROS on cellular proteins, lipids, and nucleic
acids.106,107 A range of antibiotics have been proposed to act
via production of ROS,108,109 though the importance of the
role ROS is controversial.110,111 NPs can generate ROS
through different mechanisms (Figure 5). These may include
direct ROS generation from the NP surfaces due to interaction
with bacterial cell organelles or by oxidation due to interaction
with cellular redox-active biomolecules.112 One example of

antimicrobial activity of NPs based on the generation of ROS
is the production of copper (Cu+) ions from copper iodide
(CuI) NPs, generating ROS that are able to kill both Gram-
positive and Gram-negative bacteria. CuI NPs (in size range of
1−100 nm) can induce bacterial death through ROS
production and lipids peroxidation.19 Pramanik et al.
synthesized (by co-precipitation) copper iodide (CuI) NPs
with an average particle size of 8 nm and average charge of
−21.5 mV. Studies revealed that CuI NPs generated ROS in
both Gram-positive and Gram-negative bacteria. which led to
ROS-induced DNA damage by suppressing the DNA tran-
scription, as was shown by reporter gene assay. It was
hypothesized that ROS might form on the surface of the CuI
NPs in the presence of amine functional groups of various
biological molecules.113 Likewise, zinc oxide−silver composite
NPs have shown antibacterial activity against resistant
Escherichia coli and Staphylococcus aureus, and this was
attributed to the generation of ROS and release of zinc
(Zn2+) and silver (Ag+) ions. The combination of ROS
generation and release of those ions generated a flow of
bacteriostatic and bactericidal effects.114 ROS production in
bacteria has been shown to be increased by silver and other
Fenton-inactive metals since they have the ability to interfere
with cell donor ligands coordinating with iron, such as
cysteine, and to prompt the release of iron from iron−sulfur
clusters; which then augments the formation of ROS.105 In
another approach, mesoporous silica NPs were used to support
and improve the catalytic activity and stability of gold NPs.115

The gold NPs, attached on the functionalized mesoporous
silica NPs, exhibited oxidase and peroxidase-like activities,
killing both Gram-negative and Gram-positive bacteria, by
offering dual enzyme-like activity which enhanced the
production of ROS, causing massive oxidative stress to
bacteria.116

3.3. Damage to Intracellular Components. Homeo-
stasis (where the bacterial cell membrane acts as a barrier
separating the cellular internal environment from its
surroundings) and intracellular signaling pathways are key
processes to the survival and function of bacteria. NPs can be
tailored to obstruct these processes, eventually causing
bacterial cell death. These interferences happen due to
inhibition of protein synthesis, changes in gene expression,
and DNA damage.117,118 Gold NPs have shown to act by
disrupting the internal metabolic activities of bacteria. The
normal size of these gold NPs is 5−400 nm, and they can
decrease the attachment of tRNA to ribosome units and cause
bacterial death.19 For instance, 4,6-diamino-2-pyrimidine thiol
was used to surface-functionalize gold NPs, producing
pyrimidine-capped gold NPs119 which exhibited activity
against resistant strains of Pseudomonas aeruginosa and E. coli.
The mechanisms of action of these NPs were explored with gel
electrophoresis that showed the NPs were binding to bacterial
DNA, while images from electron microscope showed leakage
of nucleic acids. An E. coli-free transcription/translation system
displayed inhibition of protein synthesis, and colorimetric
analyses demonstrated the NPs selectively chelated Mg2+,
leading to the destabilization of the bacterial cell membrane. In
the same way, silver NPs coated with polyvinylpyrrolidone
killed E. coli by hindering both amino acid and citric acid cycle
metabolic pathways.120 This was investigated by Ashmore et
al., who studied and compared the antimicrobial activity of
synthetic polymer-coated silver NPs (Ag 10%) and poly-
vinylpyrrolidone-coated silver NPs (Ag 99%) in relation to

Figure 5. Some NPs (silver NPs, titanium oxide NPs, etc.) exert their
antibacterial activity by producing (for example, through Fenton
reactions) reactive oxygen species (ROS) inside the bacterial cell,
which through different mechanisms cause bacteria death. Meanwhile
NPs can directly bind to other bacterial intracellular components (like
ribosomes, bacterial chromosomes, and plasmid) and cause the
inhibition of bacterial intracellular activity.
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uncoated silver NPs. Uncoated silver NPs inhibited the growth
of E. coli only at double the concentration required for both
coated silver NPs. Likewise, bacterial growth was hampered as
early as 8 h with polymer-coated NPs showing lower MIC as
compared to uncoated silver NPs. Electron microscope data
demonstrated that NPs caused damage bacterial cell, and this
resulted in the lysis of bacterial cell, expulsion of bacterial
intracellular components, and total disintegration of bacterial
cells. The expression of genes related to amino acid
metabolism (argC, metL, and gadB) and the tricarboxylic
acid cycle ( f rdB and aceF) were downregulated in the bacteria,
and the diminution in the Ag+ ions concentration of polymer-
coated silver NPs did not impact their antimicrobial activity.

4. NANOPARTICLES AND THEIR ANTIBIOTIC
THERAPY APPLICATIONS

Depending on the role played by NPs or the mechanisms of
antimicrobial activity, NPs for antimicrobial applications can
be divided into different categories. First, the NPs may act as
an inert nanodelivery system of an antibiotic agent, where they
facilitate the loading, stability, and release of antimicrobial
agent. Here the antibacterial activity comes from an adsorbed,
complexed, or encapsulated antimicrobial agent that is
attached to the NP’s surface (physically or chemically) or
entrapped inside the NP, with the purpose of using the
nanoparticle to enhance delivery of the antibiotic agent.
Second, they may have antibiotic activity on their own, where
they act as antimicrobial agents themselves. Finally, they may
act via a combination of both roles, where the NPs act as a
delivery system and add their own antimicrobial activity, in
either an additive or a synergistic manner. This section will
discuss these three modes of NPs applications in antibiotic
therapy, and Table 2 highlights previous studies about NPs
applications in antibiotic therapy.
4.1. Nanoparticles as Delivery Systems for Anti-

biotics. Attempts to improve the effectiveness and potency of
different therapeutic agents have been made for many decades
using NP delivery systems. Here scientists use NPs
morphology, size, surface charge, or protective internal

environment as a way to better deliver the therapeutic agent
into a cell, tissue, or organ, or through a delayed/sustained
release, in such way that the antimicrobial agent is able to more
successfully exert its activity.84 There is a range of possibilities
to achieve this. For instance, the antimicrobial agent can be
entrapped or encapsulated, adsorbed, or chemically attached to
the NP matrices. The intention here is of course to improve
the pharmacokinetics and pharmacodynamics of the anti-
microbial agent by engineering the size, shape, surface
chemistry, and charge of NPs and improving their sensitivity
and stability toward biochemical degradation. Compared to
other means of drug formulations, NP systems can have many
advantages including improved antibiotic solubility, controlled
and sustained release of the loaded antibiotic, and prolonged
systemic circulation. Also, NPs can be used to improve
antibiotic efficacy against intracellular infections since they can
enter the host cells via endocytosis or other mechanisms.175

Many NP-based delivery systems have been studied for
effective delivery of antibiotics, such as polymeric NPs. For
instance, rifampicin-loaded PLGA NPs were manufactured by
a solvent-based method to treat Mycobacterium and MRSA
infections. The average particle size of the NPs was 250 nm,
but with a low loading capacity. Release studies demonstrated
a release profile with an initial burst release (>14% of the
loaded rifampicin), probably due to diffusional release of
antibiotic near or on the NPs surface. Their antibacterial
activity was tested against a clinical strain of MRSA, and they
exhibited 4-fold more potent MIC in comparison to free
rifampicin (0.002 μg/mL vs 0.008 μg/mL), which suggested
that the NPs may have facilitated the delivery of rifampicin
into the bacteria.132 Martins et al.133 incorporated violacein, a
natural bis-indole pigment with antimicrobial activity, into
PLGA NPs by nanoprecipitation as a way to possibly improve
its hydrophilicity and decrease its cytotoxicity to human cells.
The average particle size of the NPs was around 130 nm,
homogeneously size distributed, with a high loading capacity
and sustained release for over 5 days. In antimicrobial assays
against MRSA strains, the MIC values (1.2−2 μg/mL) for
violacein-loaded NPs were significantly lower than that of free

Figure 6. Nanomaterials-based delivery systems. (A) Polystyrene NPs functionalized with cationic amine groups enhanced the NPs interaction
with bacterial membranes and helped the delivery of lysozyme into the bacteria, which increased the antibacterial activity of lysozyme. (B) Silica
nanopollens with hair-like structures were loaded with lysozyme. Here the purpose was because the Gram-negative bacteria have pili on their
surfaces, those hair-like structures on lysozyme-loaded silica nanopollens would adhere with bacteria pili and enhance the delivery of lysozyme into
the bacteria, and its antibacterial activity would be improved.
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violacein (5.1 μg/mL), and the loaded NPs were more
effective at inhibiting the bacterial growth over longer time.
Satishkumar and Vertegel176 investigated how to improve
delivery of an antimicrobial enzyme, lysozyme, using
polystyrene latex NPs and whether this could increase its
antibacterial activity. Lysozyme (hen egg) was attached
covalently to polystyrene NPs. Polystyrene NPs modified
either with amine groups for positive charge or with sulfate
groups for negative charge. When tested on Gram-positive
bacteria Micrococcus lysodeikticus, the antibacterial activity of
lysozyme conjugated to cationic polystyrene NPs was about 2-
fold higher in comparison to that of free (unconjugated)
lysozyme, whereas lysozyme conjugated anionic polystyrene
NPs significantly lowered the activity, and the explanation for
this was that due to stronger electrostatic attraction of cationic
polystyrene NPs to negative bacteria cell membrane (Figure
6A), the delivery of lysozyme into the bacteria was better
compared to free lysozyme. Lysozyme-conjugated anionic
polystyrene NPs showed lower antimicrobial activity since
there might have been an electrostatic repulsion from the
negatively charged bacterial cell membrane, which did not help
the delivery of lysozyme into the bacteria.
Silica-based NPs have also been extensively used for delivery

of antibiotics. Pedraza et al.,143 designed a “nano-antibiotic”
system made of mesoporous silica NPs with levofloxacin. They
functionalized the NP surface with a cationic functional group
(N-(2-aminoethyl)-3-aminopropyltrimethoxysilane) to induce
affinity toward anionic bacterial membrane and biofilms. These
NPs loaded with levofloxacin exhibited activity against S.
aureus, and they showed a high activity against the biofilm after
treatment. Braun et al.144 loaded a cationic antimicrobial
peptide onto negatively charged, surface functionalized silica
NPs through strong electrostatic interactions. They found that
the loading capacity of the cationic LL-37 onto anionic
mesoporous silica NPs (with charge of −35 mV) was high
compared to cationic amino-functionalized mesoporous silica
NPs or non-porous silica NPs. A lower loading capacity onto
non-porous silica NPs even if they had higher negative charge
(around −55 mV) was ascribed to their lower surface area.
Moreover, the authors showed that there was a link between
loading capacity and surface charge and the way the LL-37-
loaded NPs interacted with the bacterial cell membrane. The
studies about the interaction between bacterial cell membrane
and LL-37-loaded NPs demonstrated that anionic mesoporous
silica NPs (even with high loading capacity) were not able to
interact with bacterial cell membrane while non-porous silica
NPs did interact with bacterial cell membrane with a slow
release of LL-37. Also, cationic aminated mesoporous silica
NPs (even unloaded NPs) were able to interact with bacterial
cell membrane, and this was attributed to their positive charge.
Gounani et al.151 loaded vancomycin and polymyxin B on
mesoporous silica NPs modified with carboxyl groups with the
aim of achieving a simultaneous targeted delivery of both
antibiotics against Gram-negative and Gram-positive bacteria.
Both unmodified and modified silica NPs loaded with
antibiotics were potent against the tested bacteria, where
carboxyl-modified mesoporous silica NPs showed higher
potency in comparison to free (unloaded) antibiotics. Also,
the combination of vancomycin and polymyxin B demon-
strated the synergistic effect with lower toxicity, and their
loading into mesoporous silica NPs enhanced their potency
compared to individual antibiotic, which indicates that
combining and loading these antibiotics or other conventional

antibiotics into NPs systems can enhance their antimicrobial
efficiency, and this can be advantageous for infections that
require high concentrations of multiple antimicrobials. Song et
al. designed novel drug delivery nanocarriers that mimic the
bacteria pili in order to deliver lysozyme into the bacteria.177

They developed silica nanopollens with rough surfaces and
hair-like structures, which upon contact with Gram-negative
bacteria would enhance both the adhesion toward bacteria
surfaces and the delivery of antimicrobial agent into the
bacteria (Figure 6B). Lysozyme was loaded into these NPs and
showed prolonged release, effective antimicrobial activity, and
long-term antibacterial activity up to 3 days toward E. coli. The
activity of lysozyme-loaded silica nanopollens was further
shown in ex vivo studies using a small intestine infection model,
in which they showed significantly higher activity compared to
free lysozyme. The ability of silica NPs to deliver and improve
the activity of an FDA approved antibacterial and antifungal
triclosan was investigated by Makarovsky et al.149 Triclosan
was covalently attached to the silica NPs surfaces using 3-
(triethoxysilyl)propyl isocyanate as a coupling agent. Upon
interacting with bacteria cells, some cellular membrane
enzymes ensued the slow release of triclosan from silica NPs,
and as a consequence the antibacterial activity was increased.
In another study exploring the use of silica NPs to deliver and
enhance the potency of a photosensitizing molecule (Rose
Bengal), this molecule was covalently conjugated to amine-
functionalized silica NPs to effectively inhibit the growth of
Gram-positive bacteria, including MRSA.150 A light source
with a 525 nm bandpass filter, which has a measured ∼14 mW
cm−2 output was used for illumination. Rose Bengal-decorated
silica NPs effectively inhibited MRSA (up to eight times in
effectiveness compared to silica NPs or Rose Bengal alone). In
a recent study,178 the antitubercular agents Pretomanid and
MCC7433, both possessing high cell permeability but poor
aqueous solubility, were loaded into functionalized and
unfunctionalized mesoporous silica NPs in order to improve
their oral bioavailability. The encapsulation of those anti-
tubercular agents into silica NPs improved their solubility, and
their activity was retained when tested against Mycobacterium
tuberculosis using these drug-loaded silica NPs. Also in that
study, amine-modified silica NPs were shown to enhance the
systemic exposure of orally administered MCC7433 in mice
(1.3 times higher Cmax) in comparison to unloaded MCC7433,
and this showed the potential of using mesoporous silica NPs
as a carrier for oral delivery of those poorly aqueous soluble
antibacterial agents against tuberculosis. Similarly, toward
improving the oral delivery of vancomycin, Ndayishimiye et
al.36 investigated the ability of silica NPs to enhance the
epithelial permeability of vancomycin. Silica NPs were first
surface functionalized with different groups in order to change
the surface charge and polarity. Vancomycin-loaded silica NPs,
especially hydrophilic and with negative charge, significantly
enhanced the permeability of vancomycin across an epithelial
cell monolayer (Caco-2 cell model) by up to 6-fold compared
to unloaded vancomycin, and the permeation enhancing effect
of Silica NPs was ascribed to their ability to transiently open
the tight junctions of Caco-2 cell monolayers. This capability
opens up the potential of a new route to orally administer these
formulations to treat systemic infections.
Liposomes are another delivery system that have been used

for delivering antimicrobial agents. MRSA can live and persist
in alveolar macrophages, and this can affect the clinical success
of intravenously delivered vancomycin for treatment of
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pneumonia. In order to overcome this, Pumerantz et al.179

formulated vancomycin in liposomes in order to increase its
antimicrobial activity and overcome resistance. Here the
encapsulation of vancomycin in liposomes was done by a
hydration−dehydration method, and they were tested for
activity against intracellular MRSA in macrophages. When
treated with vancomycin-loaded liposomes (vancomycin
concentration of 200 and 800 μg/mL), a significant reduction
in MRSA was noticed, while free (unencapsulated) vancomy-
cin was not able to kill MRSA inside infected macrophages,
probably due to poor uptake of vancomycin into the
macrophages. In another study, Sande et al.180 studied the
role of encapsulating vancomycin within liposomes and
whether this could enhance its antibacterial activity against
MRSA. Vancomycin-loaded liposomes were obtained by a
rehydration−dehydration method, and their MICs and MBCs
were investigated against strains of MRSA. The efficacy was
also examined in a time−kill assay in vitro and in a murine
infection model. The MIC for MRSA strains was around 2-fold
more potent, and vancomycin liposomal formulation enhanced
killing of MRSA in vitro. In the systemic murine infection
model, intraperitoneal injection of vancomycin-loaded lip-
osomal formulation (treatment of a 50 mg/kg) improved
kidney clearance of an ST8:USA300 MRSA strain by 1 log in
comparison to injection of free (un-encapsulated) vancomycin.
4.2. Nanoparticles as Inherent Antimicrobial Agents.

In addition to NPs explicitly designed for the delivery of
antimicrobial agents, some NPs have also been explored to be
used as antimicrobial agents on their own. Here the material to
be used to develop the NPs is critical. Many types of materials
have been studied for their antimicrobial applications.29

Biologically, the vast majority of antimicrobial-active NPs act
via different antimicrobial mechanisms compared to conven-
tional antibiotics. Their physicochemical properties can give
them a unique propensity to enter the bacterial cell membrane
bilayers, enabling them to reach the cytoplasm, while
simultaneously disrupting the function and integrity of the
membrane.84,181 For example, dendrimers functionalized with
positively charged quaternary ammonium salts have high
antibacterial potency due to their ability to disrupt of bacterial
cell membranes.182 The strong electrostatic physisorption of
polycationic groups (functionalized on the surface of
dendrimers) onto the negatively charged bacterial lipid bilayer
increases their cell membrane penetration and leakage of K+

from inside of the bacteria cell to the outside.183

Metal NPs have similarly been studied as antimicrobial
agents, with silver NPs the most studied metal NPs.184 Apart
from being used in other NP composites, silver NPs have been
investigated for their antimicrobial potency on their own.
When tested against MRSA, silver NPs with sizes of 10, 30−40,
and 100 nm were effective with an MIC of around 10 μg/mL,
and they exhibited similar activity when tested on methicillin-
sensitive S. aureus, showing how resistance against traditional
antibiotics has little effect on silver NPs activity.185 However,
resistance to silver has been described.186,187 Regarding other
metals, NPs of copper and its oxide have been studied in vitro
and also showed activity against MRSA.160 However, in
comparison to silver NPs, higher concentrations of copper NPs
were necessary in order to have a bacteriostatic and
bactericidal effect. This was interesting since they are thought
to have a similar mechanism of action, in this case, by releasing
Cu2+ ions that change conductivity and local pH, and
consequently the disruption of cell membranes and alteration

of some key intracellular components and other metabolic
activities. Zinc oxide NPs have also been tested in vitro against
clinical isolates of methicillin-sensitive S. aureus and MRSA but
showed less potency compared to silver or copper NPs.164

Combining organic and inorganic materials to make hybrid
NPs, Huang et al.136 amalgamated silver NPs and chitosan
acetate to produce nano-antimicrobials for burn dressings. The
chitosan-silver NPs were tested for their effectiveness in in vivo
murine burn models, and these NPs were shown to combine
synergistically to inhibit the growth of Gram-positive MRSA
and Gram-negative bacteria. This synergistic effect was
ascribed to the permeation of NPs into the bacteria cells,
where chitosan mediated the effective penetration of silver ions
into the bacterial cells. Bresee et al.172 investigated the anti-
MRSA activity of ligand-coated gold NPs using thiol exchange
reactions to attach organo-thiol ligands of different properties
of H-bond donor/acceptor and polarity on the gold NPs
surfaces. Here their aim was to adjust the binding affinity of
NPs to the targeted bacteria and increase their cellular
internalization capacity. The ligand-conjugated gold NPs
were examined for their activity against MRSA and
methicillin-sensitive S. aureus, with some ligand-conjugated
gold NPs exhibiting a 99.9% bacterial growth inhibition at 10
μM for both MRSA and methicillin-sensitive S. aureus. This
activity was attributed to the improved bacterial cell internal-
ization and the ability of the NPs to aggregate inside the cells,
or also to the targeted binding to the outer surfaces of the
bacteria.
Investigating the antimicrobial effect of organic NPs, Dugal

and Mamajiwala135 prepared and functionalized chitosan NPs
by ionic gelation, producing amino-functionalized chitosan
NPs with a zeta potential of +88 mV and particle size of
approximately 100 nm. In vitro essays showed that these
chitosan NPs were potent against MRSA biofilms and the
functionalized NPs were more active than non-functionalized
ones (MIC values: 400 μg/mL vs 3000 μg/mL). The authors
concluded that the enhanced activity for functionalized
chitosan NPs was due to positive charges on the surface of
the functionalized NPs.

4.3. Nanoparticles Used as a Combination of Both
Delivery Systems and Antimicrobial Agents. Several
studies have employed a strategy that combines both
approaches described previously. The encapsulation, adsorp-
tion, and/or decoration of antimicrobial NPs with antimicro-
bial agents or combination of two NPs has shown a synergistic
antimicrobial effect.188−190

The antimicrobial potency of silver NPs conjugated to
antimicrobial peptide antimicrobials has been investigated.158

This conjugation was done with the purpose of decreasing the
toxicity of the free antimicrobial peptide toward other healthy
cells and improving their targeted delivery. It was shown that
the peptide-conjugated silver NPs exhibited high potency
toward MRSA and P. aeruginosa (resistant to conventional
antimicrobials) without causing a significant membranolytic
effect, which is inherent in peptides. Moreover, it was revealed
that the characteristics and behavior of the conjugates differed
significantly from the properties of the constituent silver NPs
and antimicrobial peptides. Moreover, a β-lactam antibiotic
ampicillin was chemo-physically adsorbed onto the silver NPs
surfaces.159 These NPs exhibited an increase of 2-fold in in
vitro anti-MRSA activity in comparison to the silver NPs
(alone) or free ampicillin. In another study, the synergistic
effect of gold−silver NPs (with size of around 27 nm) in
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combination with doxycycline was tested in burn infections.173

The antimicrobial activity of doxycycline mixed with gold−
silver NPs was investigated against P. aeruginosa, E. coli, S.
aureus, and M. luteus. The antimicrobial activity of the gold−
silver−doxycycline NPs was significantly higher compared to
gold−silver NPs or doxycycline alone. The increase of
antimicrobial activity was attributed to the synergy between
those bimetallic NPs and doxycycline, and the antibacterial
mechanism was revealed to be through the formation of
reactive oxygen species.
The synergistic effect of titanium oxide NPs in combination

with the antibiotic cefotaxime sodium was tested against
implant-associated infections.191 In this study, titanium oxide
NPs were coated by dopamine (via a one-step pH-induced
polymerization), and cefotaxime sodium was immobilized onto
the polydopamine-coated titanium oxide NPs. These cefotax-
ime sodium-decorated titanium samples were then investigated
on their ability to prevent adhesion and proliferation of E. coli
and S. mutans. The results showed that cefotaxime sodium-
grafted titanium samples possessed enhanced antibacterial
activity, and they maintained the activity for a longer time
compared to ungrafted cefotaxime sodium.
4.4. Nanoparticles Used for the Treatment of

Biofilms. In addition to the above-mentioned microbial
resistance mechanisms, bacteria may also show community-
derived resistance by forming biofilms. Microbial biofilms, also
metaphorically referred to as “cities for microbes”, are
community structures where microbial cells stick to each
other and are surrounded by a hydrated matrix which is
secreted by microbes residing in that community to protect
themselves from outside threats or other unfavorable
conditions.192 Stress conditions prompt microbes to transition
and attach to a substratum, making them phenotypically
distinct from their planktonic counterparts.192 After sub-
stratum attachment, these microbes make extracellular
polymeric substances, which are the primary component of
microbial biofilms (extracellular polymeric substances com-
prise nearly 90% of the whole biofilm mass).193 This complex
web of extracellular polymeric substances comprising abundant
hydrophilic polysaccharides helps to retain water and moisture
in biofilms and increases the chances of cell-to-cell
communication, as well as the possibility of horizontal gene
transfer, which often lead to community-derived resistance in
biofilms.193,194 The matrix of extracellular polymeric sub-
stances surrounding the bacterial cells can act as a “shield” to
protect them from the action of antibiotics, which can lead to
antimicrobial resistance.194,195 Bacterial or other microbial cells
in biofilms can endure up to 1000 times higher antibiotic
concentration than free-living microorganisms.192 Therefore,
microbial biofilms have been considered as one of the major
challenges in treating microbial infections. Different new
strategies have been reported to inhibit and kill bacteria
contained in biofilms. Some of these strategies include
bacteriophages, quorum sensing inhibitors, enzymes, anti-
microbial photodynamic therapy,196−198 diguanylate cyclase
inhibitors, and ethnopharmacology.195

Another antibiofilm strategy that has been used to treat
biofilms is the use of NPs.199 Reports have demonstrated that
NPs can be used either to eliminate pre-formed microbial
biofilms or to hinder their formation on the surfaces. NPs are
designed to interact with and disrupt the biofilm extracellular
polymeric substances matrix and then reach and kill the
bacterial cells in the biofilm.200 Based on their material nature,

NPs antibiofilm agents might include metal-based NPs,
polymeric-mediated antibiofilm agents, non-metallic inorganic
NPs, or NPs resulting from a combination of natural
compounds with metal NPs.192,201

NPs obtained from different classes of metals, including
silver NPs, silver-based nanocomposites, copper NPs, iron
NPs, magnesium NPs, and zinc NPs, have shown antibiofilm
activity.201,202 Among the investigated metal NPs, silver NPs
are often reported to have antibiofilm efficacy.202,203 For
instance, Taglietti et al.204 studied the antibiofilm activity of
silver NPs adsorbed/anchored to an amino-silanized glass
surface. Amino-silanized glass was immersed in a silver NPs
colloidal suspension, with the antibiofilm activity tested against
the biofilm-producing S. epidermidis RP62A. Silver NPs glasses
had excellent stability in aqueous medium and prolonged
release behavior. They also showed high local concentration of
silver ions (without detachment of Ag NPs), and they
demonstrated high antibiofilm activity against S. epidermidis
RP62A.
Polymeric NPs are another category of NPs that have been

used for biofilms, due to their tunable physicochemical
characteristics. Makambeta et al.205 studied the activity of
poly(oxanorborneneimide)-based polymeric NPs against bio-
films from multiple bacterial species. The NPs demonstrated
good penetration behaviors in dual-species biofilms with high
bacterial viability reduction and high reduction in overall
bacterial biofilm mass. They also showed minimal toxicity to
fibroblast cells and exhibited high antimicrobial efficacy in in
vitro co-culture model consisting of fibroblast cells and biofilms
of E. coli and P. aeruginosa. In another study, Nguyen et al.206

developed novel antimicrobials in the form of single-chain
polymeric NPs that exhibited high antimicrobial activity
against Gram-negative bacteria and were able to kill (within
an hour) both free-living bacteria cells and bacterial biofilm. In
aqueous media systems, the linear copolymers (with oligo-
ethylene glycol, lipophilic, and amino groups) underwent self-
folding, due to intramolecular hydrophobic interactions, to
give the single-chain polymeric NPs. The authors demon-
strated that, by systematically modifying the hydrophobic
property of the polymer, the extent of bacterial cell membrane
wall disruption could be tuned, which in turn governed their
microbial inhibition capacity. They also showed that the
attachment of oligoethylene glycol groups into the polymer
design was crucial in avoiding complexation of the NPs with
proteins or the formation of protein coronas in biological
systems, hence maintaining their antimicrobial activity even in
in vivo simulating environments. Compared with colistin (a
clinical antibiotic used as the last-resort for highly resistant
infections), the lead NPs agents had higher therapeutic index
(of about 2−3 times) and better biocompatibility.
Non-metallic inorganic NPs have also been explored as

antibiofilm agents. They exert their activity by imparting
mechanical damage to the biofilm structures, and they can also
release compounds that inhibit biofilm formation. Nitric oxide
is an antibacterial molecule, and many nitric oxide-releasing
NPs have been used for this purpose.207,208 Slomberg et al.209

investigated the NO-releasing silica NPs and their antibiofilm
activity. Here, the activity of NO-releasing silica NPs (with
sizes of 14, 50, and 150 nm) with the same total NO release
(∼0.3 μmol mg−1) was evaluated against P. aeruginosa and S.
aureus biofilms. To investigate the impact of NPs shape on
their antibiofilm activity, the aspect ratio of the NO-releasing
silica NPs was varied from 1 to 8 while maintaining particle
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volume (∼0.02 μm (3)) and NO-release totals (∼0.7 μmol
mg−1). NO-releasing silica NPs with decreased particle size
and high aspect ratio were more effective against both P.
aeruginosa and S. aureus biofilms, with Gram-negative species
showing higher susceptibility to NO. NO-releasing silica NPs
with size of 14 nm showed better NO delivery and increased
biofilm killing in comparison to NO-releasing silica NPs with
sizes of 50 and 150 nm. Similarly, the rod-like NO-releasing
silica NPs were more effective in delivering NO compared with
spherical ones, and they induced greater antibiofilm activity.

5. TOXICITY CONSIDERATIONS IN THE APPLICATION
OF NANOPARTICLES

One important aspect to consider when applying NPs-based
antibiotic therapies relates to the possibility of cytotoxicity and
systemic toxicity.181 Systemic and local toxicity, as well as the
possible bactericidal effects on beneficial human microbiota,
are of concern and have to be taken into consideration when
using NPs.41,210 Toxicity mechanisms of commonly used NPs
for antibiotic application to mammalian cells are summarized
in Figure 7, and Table 3 shows some general toxicological
effects for various types of NPs.
Investigations of silver NPs, commercially available

inorganic-based NPs commonly used as bacteriostatic coatings
for controlling infections, have shown that silver NPs have
toxic effects in several cell lines. For example, Carlson et al.211

studied the impact of size-dependent reactive oxygen species
production of silver NPs on cells. They examined cellular
interactions of silver NPs (size: 15, 30, and 55 nm) and the
effect of ROS on cell mitochondria and cell membrane
viability. After 24 h of exposure, there was a significant
decrease of cell viability with increasing concentration (from
10 to 75 μg/mL) of silver NPs (15 and 30 nm). For example,

there was >10-fold increase of ROS levels in cells treated with
50 μg/mL of silver NPs (15 nm), and this suggested that the
cytotoxic effect of these silver NPs was likely due to oxidative
stress. Moreover, activation of the release of inflammation

Figure 7. Nanoparticles (silver NPs, titanium oxide NPs) can cause toxicity to mammalian cells through different mechanisms. Different
mechanisms and events are involved: (1) After the NPs are taken by the cell by phagocytosis or other mechanisms, this induces the activation of the
ER stress pathway. (2) ER stress triggers the activation of mitochondria to produce reactive oxygen species (ROS). (3) The released ROS directly
cause DNA damage and/or inflammation, which lead to genotoxicity and/or cell death. (4) They can also disrupt other cytoplasmic metabolic
activities, and this can lead to cell death. (5) Meanwhile, NPs can directly enter the nucleus, bind to DNA, and cause some damage. Moreover, the
inflamed DNA can produce and release cytokines (for example, IL1, IL6, and TNFα), which can cause other oxidative stresses to other cell
organelles.

Table 3. Some Toxicological Effects of Different
Nanoparticles

types of
NPs possible toxicological effects refs

chitosan induce cytotoxicity, malformations, and physiological
stress in zebra fish embryos

217

induce toxicity in mice embryos 218

silica NPs moderate toxicity to kidneys, lungs, liver, and brain
depends on the route of administration in mice

219

silver NPs histopathological lesions and cytotoxicity in mice 220
inflammatory response and accumulation of the NPs
in several tissues in rats

221

gold NPs inflammatory response in rats and mice 222

copper
NPs

toxicity to liver, spleen, and kidney in mice 223

iron oxide
NPs

histopathological lesions in spleen and liver in mice 224

titanium
oxide
NPs

toxic to brain and liver in mice; adverse effects on
mouse embryos

225

zinc oxide
NPs

inflammation and damage to different tissues
dependent on the mode of administration in rats or
mice

226,
227
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mediators was investigated by examining the levels of
chemokines/cytokines, which include cell necrosis factor
(TNF-α), interleukin-6 (IL-6), and macrophage inhibitory
protein (MIP-2), released into the culture medium. After 24 h
of exposure to silver NPs (15 nm), there was a significant
inflammatory response with the release of TNF-α, IL-1β, and
MIP-2. Overall, a size-dependent cytotoxic effect of silver NPs
was observed, and the main mechanism of toxicity was found
to be through oxidative stress. Regarding genotoxicity, NPs can
damage DNA by producing ROS or by diminishing ATP
production (associated with mitochondria damage), which as a
result impairs energy-dependent DNA repair mechanisms and
other cellular activities (Figure 7). DNA damage by silver NPs
was investigated by Ahamed et al.212 They examined the
impact of polysaccharide (acacia gum)-coated and uncoated
silver NPs on DNA damage response in two mammalian cells:
mouse embryonic fibroblasts and mouse embryonic stem cells.
Both silver NPs up-regulated the cell cycle checkpoint protein
p53 and DNA damage repair proteins Rad51 and phosphory-
lated-H2AX expression. Also NPs induced cell death as
examined by MTT assay and the annexin V protein expression.
Moreover, coated silver NPs exhibited more severe DNA
damage than uncoated silver NPs, and it was suggested that
this was probably due to the fact that coated NPs are more
individually distributed while the uncoated silver NPs can
agglomerate, which might limit their availability and access into
the cell.
In vivo toxicity studies have also been conducted. The

subchronic inhalation toxicity of silver NPs was studied in
Sprague−Dawley rats by Sung et al.213 Rats were exposed to
silver NPs (18−19 nm) in different doses (low dose of 0.6 ×
106 particles/cm3, equivalent to 49 μg/m3, middle dose of 1.4
× 106 particles/cm3, equivalent to 133 μg/m3, and high dose of
3.0 × 106 particles/cm3, equivalent to 515 μg/m3) for 13
weeks in a whole-body inhalation chamber. A dose-dependent
augmentation in bile duct hyperplasia was observed in rats.
Histological and pathological evaluations also demonstrated a
dose-dependent increase in lesions associated with exposure to
silver NPs, including small granulomatous lesions, chronic
alveolar inflammation, and mixed inflammatory cell infiltrate,
and generally the targeted organs for silver NPs were lungs and
liver.
Titanium oxide NPs are another type of metal NPs that have

been investigated for their possible toxic effects. In one study,
the toxicity of titanium oxide NPs of different sizes (25, 80,
and 155 nm) was investigated on adult mice.214 A dose of 5 g/
kg body weight of titanium oxide NPs suspensions was
administrated by an oral gavage. In 2 weeks, the changes in
hepatic biochemical and pathological characteristics showed
that the liver injury was induced after exposure to titanium
oxide NPs. Moreover, nephrotoxicity, like increased blood urea
nitrogen level and renal pathology change, was observed.
Titanium oxide NPs of size 25 and 80 nm showed significant
myocardial damage in comparison to 25 nm NPs, and the
biodistribution experiments demonstrated that titanium oxide
NPs were mainly retained in the spleen, liver, lungs, and
kidneys. Azim et al.215 also studied the toxicity of titanium
oxide NPs in mice. Titanium oxide NPs (size of 21 nm) were
administered (150 mg/kg/day) for 2 weeks, and there was a
significant increase in hepatic serum function enzyme activities,
hepatic coefficient, and level of malondialdehyde in liver tissue.
Also, titanium oxide NPs suppressed the glutathione level in
the liver and induced an inflammation response through the

activation of macrophages and the increase of interleukin-6
level and tumor necrosis factor-α level. Furthermore, following
treatment with titanium oxide NPs, there was an up-regulation
of mRNA expression of nuclear factor-erythroid-2-related
factor 2, nuclear factor kappa B, and Bax, while that of Bcl-2
was down-regulated. Titanium oxide NPs also efficiently
activated caspase-3, which is involved in cell apoptosis, and
caused liver DNA damage. Studying the possible neurotoxic
effect of titanium oxide NPs, Hong et al.216 examined whether
titanium oxide NPs induce neurotoxicity by affecting neurite
outgrowth of hippocampal neurons. It was found that titanium
oxide NPs, in a concentration-dependent behavior, consid-
erably suppressed dendritic growth of hippocampal neurons
and enhanced nitric oxide and nitric oxide synthase while
reducing the activities of Ca2+-ATPase and Na+/K+-ATPase
and elevating the ADP/ATP ratio. The authors concluded that
titanium NPs inhibited neurite outgrowth of hippocampal
neurons by interfering with glutamate metabolism and
impairing N-methyl-D-aspartate receptor function.
Overall, although nanomaterials have shown to be promising

in killing resistant bacteria, the possible toxicological effects
(especially metallic NPs) on the healthy cells and tissues
cannot be ignored. Investigations into possible toxicity of NPs
at cellular and systemic levels are important for a possible and
successful clinical translation. Parameters such as the type of
NPs and their characteristics as well as route of administration
and the nature of how NPs interact with cells and tissues have
to be more extensively investigated.210 Other phenomena
associated with NPs, such as precipitation, aggregation,
accumulation, and agglutination phenomena of NPs within
blood vessels, fatty tissues, bone tissues, or other organs, can be
issues, and it is important to consider that when using NPs.181

Finally, the accumulation and persistence of NPs in the
environment must also be considered.

6. CONCLUSION

Bacteria have developed multiple mechanisms of resistance to
antibiotics, becoming a substantial threat to global human
health. Alternative therapeutic options with different mecha-
nisms of action are needed to combat these emerging bacterial
strains. Nanomaterials offer an alternative to conventional
antibiotics due to their potential for innate bactericidal activity,
coupled with unique characteristics that offer distinct differ-
ences from conventional antibiotics. Nanomaterials can serve
as delivery vehicles to improve the effectiveness and lifetime of
existing antibiotics or act as antimicrobial agents on their own.
Both of these properties can be combined, giving an additional
window of opportunity to explore for the development of
effective antibiotic therapeutics. While the application of
nanomaterials to combat microbial/resistant microbial in-
fections is an exciting concept, this enthusiasm must be
tempered by potential issues of toxicity that need to be
addressed before any successful translation to the clinic.
Therefore, formulation of appropriate guidelines and stand-
ardization of assays to study of nanotoxicity are required, as are
protocols to study and compare results from in vitro, ex vivo,
and in vivo models. Furthermore, most reports on the
antimicrobial activity of nanoparticles are limited to in vitro
assays looking at antibacterial activity, with limited in vivo data.
In many cases it is not clear how nanoparticles would be
delivered clinicallywith intravenous delivery likely required.
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